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I N V I T E D  R E V I E W

Beyond the flow: the evolving role of magnetic resonance imaging in 
arteriovenous shunt evaluation

ABSTRACT
Although digital subtraction angiography remains the gold standard for the diagnosis and treat-
ment planning of intracranial arteriovenous shunts (AVS), including arteriovenous malformations 
and arteriovenous fistulas, non-invasive imaging is increasingly sought for comprehensive evalua-
tion. Magnetic resonance imaging (MRI) plays a crucial role in AVS detection, identification of feed-
ing arteries and draining veins, localization of shunt points, classification of subtypes, assessment 
of venous reflux and congestion, and evaluation of post-treatment residual or recurrent lesions. 
Clinical techniques such as time-of-flight MR angiography (MRA), contrast-enhanced time-re-
solved MRA, susceptibility-weighted imaging, and arterial spin labeling (ASL) are established for 
these assessments. Recent advances have expanded MRI capabilities: Ultrashort echo time MRA 
can overcome turbulent flow-related signal loss and susceptibility artifacts, improving visualization 
of complex nidus architecture; compressed sensing substantially accelerates three-dimensional 
and four-dimensional (4D)-MRA while maintaining diagnostic quality; ASL-based 4D-MRA provides 
high-temporal-resolution dynamic evaluation without contrast, with vessel-selective techniques 
enabling independent assessment of individual vascular territories; and high-resolution vessel wall 
imaging shows promise for risk stratification. Emerging artificial intelligence applications enable 
automated AVS segmentation and characterization, with potential to enhance image quality and 
reduce scan times. This review summarizes current MRI techniques, recent innovations, and future 
perspectives in the non-invasive assessment of intracranial AVS.
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Cerebral arteriovenous shunts (AVS), in-
cluding brain arteriovenous malforma-
tions (AVMs) and dural arteriovenous 

fistulas (DAVFs), represent a heterogeneous 
group of vascular disorders characterized by 
direct arteriovenous connections without 
an intervening capillary bed.1,2 These lesions 
exhibit highly variable angioarchitectures 
and clinical behaviors, ranging from inci-
dental asymptomatic findings to aggressive 
presentations with intracranial hemorrhage, 
progressive neurological deficits, or venous 
hypertensive encephalopathy. Treatment 
strategies—such as microsurgical resection, 
endovascular embolization, stereotactic ra-
diosurgery, or conservative observation—
are critically dependent on accurate charac-
terization of shunt angioarchitecture and its 
hemodynamic impact on the brain. Imaging 
is therefore indispensable for initial diagno-
sis and treatment planning. It also plays a 
critical role in post-treatment evaluation and 
long-term surveillance for disease recurrence 
or progression.

Digital subtraction angiography (DSA) 
has long been regarded as the gold stan-
dard for the evaluation of cerebral AVS. Its 
unparalleled spatial and temporal resolu-
tion enables accurate visualization of the 
angioarchitectural features central to es-
tablished classification systems, including 
nidus size, eloquence of the adjacent brain, 
and venous drainage patterns in the Spet-
zler–Martin grading of AVMs3 and the pres-
ence of cortical venous reflux (CVR), also 

termed retrograde leptomeningeal venous 
drainage (RLVD), in the Borden and Cognard 
classifications of DAVFs (Table 1).4,5 CVR/
RLVD arises when shunt-induced venous 
hypertension reverses normal venous drain-
age into cortical and leptomeningeal veins, 
and its presence identifies a lesion at higher 
risk of hemorrhage and venous congestion. 
DSA also allows real-time hemodynamic as-
sessment and serves as both a diagnostic 
and therapeutic platform, forming the basis 
of contemporary endovascular treatment. 
However, despite these advantages, DSA has 
inherent limitations. It is an invasive proce-
dure associated with complications such as 
ischemic stroke, requires iodinated contrast 
media, and involves radiation exposure. 
These factors make frequent or longitudinal 
follow-up with DSA impractical, particularly 
in patients requiring repeated follow-up or 
those with stable or conservatively managed 
lesions. Furthermore, following the ARUBA 
trial,6 which demonstrated that conserva-
tive management may be preferable to in-
tervention for unruptured AVMs, there has 
been growing interest in managing selected 
patients conservatively, further highlighting 
the clinical need for reliable non-invasive im-
aging for long-term surveillance.

In this context, magnetic resonance an-
giography (MRA) has assumed an increas-

ingly important complementary role in AVS 
evaluation. As a non-invasive technique that 
requires no ionizing radiation and can be 
safely repeated, MRA is particularly suitable 
for longitudinal monitoring. It enables visu-
alization of feeding arteries, draining veins, 
and shunt architecture, facilitating risk strat-
ification and post-treatment evaluation.7 Be-
yond vascular assessment, MR imaging (MRI) 
also provides a comprehensive evaluation of 
the brain parenchyma, not only providing 
complementary information regarding the 
relationship of the nidus to eloquent brain 
regions but also allowing the detection of ve-
nous congestion, edema, ischemic changes, 
or prior hemorrhage. These findings directly 
reflect the biological impact of AVS and often 
play a critical role in clinical risk stratification, 
especially in DAVFs, where venous hyperten-
sion determines neurological prognosis.8

Nevertheless, MRA techniques have 
well-recognized limitations compared with 
DSA. Spatial and temporal resolution remain 
insufficient for detailed characterization of 
complex shunt angioarchitecture, and small 
or slow-flow shunts may be overlooked.9 
Hemodynamic assessment has tradition-
ally relied on contrast-enhanced (CE) tech-
niques, and evaluation of venous congestion 
has required additional sequences beyond 
conventional MRA. In recent years, several 

Main points

•	 Recent advances in magnetic resonance 
(MR) imaging techniques have improved 
the visualization and characterization of ar-
teriovenous shunts. 

•	 Advances in non-contrast MR angiography 
(MRA) techniques enable detailed structural 
visualization of complex vascular anatomy 
within relatively short acquisition times.

•	 Innovations in contrast-enhanced time-re-
solved MRA have achieved both noise re-
duction and improved temporal resolution 
for superior dynamic assessment.

•	 High-resolution vessel wall imaging enables 
in vivo assessment of vascular wall patholo-
gy, providing insights into rupture risk and 
disease activity beyond conventional lumi-
nal anatomy.

•	 Artificial intelligence applications, including 
deep learning-based reconstruction and 
automated segmentation, are emerging 
as promising tools for improving diagnos-
tic accuracy and workflow efficiency in the 
evaluation of arteriovenous shunts.

Table 1. Common angiographic grading and classification systems for brain AVMs and dural 
AVFs

Classification system Grade/type Criteria

Spetzler–Martin 
grading of brain 
AVMs

Grades I–V 
(sum of 
points)

Nidus size: < 3 cm = 1; 3–6 cm = 2; > 6 cm = 3. Eloquence of 
the adjacent brain: non-eloquent = 0; eloquent = 1. Venous 
drainage: superficial only = 0; any deep component = 1. Grade 
= sum of the three component scores.

Borden classification 
of DAVFs

Type I Drainage into a dural venous sinus or meningeal vein with 
antegrade flow; no cortical venous reflux.

Type II Drainage into a dural venous sinus with cortical venous reflux.

Type III Direct drainage into cortical/leptomeningeal veins without 
dural sinus drainage.

Cognard 
classification of 
DAVFs

Type I Dural sinus drainage with antegrade flow; no cortical venous 
reflux.

Type IIa Dural sinus drainage with retrograde sinus flow; no cortical 
venous reflux.

Type IIb Dural sinus drainage with antegrade flow and cortical venous 
reflux.

Type IIa + b Dural sinus drainage with retrograde sinus flow and cortical 
venous reflux.

Type III Direct cortical venous drainage without venous ectasia.

Type IV Direct cortical venous drainage with venous ectasia.

Type V Spinal perimedullary venous drainage.

The Spetzler–Martin grade is primarily a surgical risk grading system for brain AVMs and does not necessarily predict 
the risks associated with embolization or radiosurgery. In DAVFs, cortical venous drainage/reflux is the key feature 
associated with aggressive clinical behavior, including hemorrhage and non-hemorrhagic neurological deficits. 
When used, the optional Borden suffixes a and b denote single-hole (simple) and multiple-hole (complex) fistulous 
architecture, respectively. AVM, arteriovenous malformation; DAVF, dural arteriovenous fistula. 
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novel complementary techniques, includ-
ing non-contrast approaches and advanced 
acquisition strategies, have been developed 
to address these shortcomings, progres-
sively expanding the diagnostic scope of 
non-invasive AVS evaluation.10-12 Moreover, 
the advent of vessel wall imaging (VWI) has 
provided unique insights into VW patholo-
gy and disease activity that were previously 
inaccessible with conventional angiographic 
assessment.13

The purpose of this review is to summa-
rize recent advances in MRI-based imaging of 
cerebral AVS, with a focus on how emerging 
techniques may complement conventional 
MRA. Whereas previous reviews have large-
ly centered on established MRA techniques, 
the present review emphasizes the most 
recent innovations—ultrashort echo time 
(UTE)-MRA, compressed sensing (CS) accel-
eration, vessel-selective arterial spin label-
ing (ASL)-based four-dimensional (4D)-MRA, 
VWI, and artificial intelligence (AI)—and 
frames them within a practical perspective 
oriented toward non-invasive, longitudinal 
management of AVS. Table 2 provides a com-
prehensive summary of these techniques. 

By clarifying both the current capabilities 
and the remaining challenges of MRI in this 
field, we aim to highlight its evolving role in 
the comprehensive management of AVS.

Clinical magnetic resonance techniques for 
arteriovenous shunt

Time-of-flight magnetic resonance angiog-
raphy

Principle

Time-of-flight MRA (TOF-MRA) is a 
flow-dependent technique that exploits 
differences in magnetization between sta-
tionary tissue and flowing blood without re-
quiring exogenous contrast agents.14 Radiof-
requency pulses repeatedly applied within 
the imaging volume saturate stationary tis-
sue, whereas fresh arterial blood flowing into 
the imaging volume retains high longitudi-
nal magnetization and appears hyperintense 
against the suppressed background.

Diagnostic performance

TOF-MRA has been widely used for the 
evaluation of intracranial AVS (Figures 1 and 
2, Supplementary Videos 1–4), with diagnos-
tic performance that has evolved substan-
tially with advances in field strength. In clin-
ical practice, maximum intensity projection 
(MIP) images are frequently used for efficient 
image interpretation, providing an intuitive 
overview of the vascular architecture. Early 
reports using 1.5T systems demonstrated 
that nidus topography was reasonably well 
appreciated on TOF-MRA; however, hyper-
dynamic feeding arteries were incompletely 
depicted, and venous structures were poorly 
visualized because of saturation effects.9 The 
transition to 3T has substantially improved 
diagnostic performance: Signal-to-noise ra-
tios (SNRs) are approximately twice those 
of 1.5T, and prolonged T1 relaxation times 
enhance background suppression and ves-
sel-to-tissue contrast. Studies have demon-
strated that 3T TOF-MRA detects 21% more 
feeding arteries and 33% more deep drain-
ing veins than 1.5T,15 facilitating the detec-
tion of arteriovenous fistulas, particularly at 
dural locations.16 

Table 2. Overview of clinical and emerging MRI techniques for AVS

Technique Contrast 
agent

Temporal 
resolution

Key clinical strength Post-treatment utility Key limitation

Clinical MR techniques

TOF-MRA No None (static) Widely available baseline 
screening

Low sensitivity for residual 
nidus Slow flow/venous signal loss

CE TR-MRA Yes Intermediate 
(2–6 s) Hemodynamic assessment Limited by susceptibility 

artifacts
One-shot acquisition/lower temporal 
resolution

ASL 
(perfusion) No None (static) High-sensitivity shunt without 

contrast
Effective for residual shunt 
detection Inherently low SNR

SWI No None (static)
AVS detection (hyperintense 
veins), venous congestion/CVR, 
and microhemorrhages

Tracking gradual shunt 
obliteration (signal 
reduction) and resolution of 
congestion

Artifacts at air–bone interfaces (skull 
base), blooming (coils/hemorrhage), 
and may miss slow-flow shunts

Recent technical innovations

UTE-MRA No None (static) Robust to turbulence and 
metallic artifact Minimal artifact near coils Lacks temporal resolution

CS-TOF-
MRA No None (static) Fast whole-brain coverage with 

high resolution
Efficient surveillance of 
extensive lesions Sparse sampling artifacts

IT-TWIST Yes
Very high 
(approximately 
1.1 s)

Hemodynamic assessment with 
minimal gadolinium

Ideal for safe repeated 
surveillance Still requires IV access/ghosting artifact 

GRASP Yes High (1–2 s) Continuous free-breathing 
acquisition

Robust against motion 
artifacts Requires intensive reconstruction

ASL 
4D-MRA No Very high (0.25–1 

s)
Non-contrast dynamic, vessel-
selective mapping

Excellent for safe, repeated 
surveillance Long scan times; delayed signal decay

VW-MRI Yes None (static) Wall pathology/rupture risk 
stratification

Detecting residual active 
inflammation Long scan; interpretation variability

AVS, arteriovenous shunt; TOF-MRA, time-of-flight magnetic resonance angiography; CE TR-MRA, contrast-enhanced time-resolved magnetic resonance angiography; ASL, arterial 
spin labeling; SWI, susceptibility-weighted imaging; UTE-MRA, ultrashort echo time magnetic resonance angiography; CS, compressed sensing; IT-TWIST, Iterative reconstruction-
based Time-resolved angiography with Interleaved Stochastic Trajectories; GRASP, golden-angle radial sparse parallel imaging; VW-MRI, vessel wall magnetic resonance imaging; 
CVR, cortical venous reflux, SNR,  signal-to-noise ratio.
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Limitations

TOF-MRA has well-recognized inherent 
weaknesses. Signal loss in regions of tur-
bulent or slow flow remains problematic, 
rendering draining veins highly prone to 
incomplete depiction. The lack of temporal 
resolution precludes hemodynamic analysis 
and results in poor sensitivity for detecting 
treatment-related obliteration.17 Further-
more, physiologic jugular venous reflux can 
mimic cavernous dural AVFs on TOF-MRA 
(Figure 3), as retrograde flow in the inferior 
petrosal and cavernous sinuses creates imag-
ing findings that overlap with those of true 
AVS.18

Practical tips for source image interpreta-
tion

Although MIP images provide a conve-
nient overview of vascular anatomy and are 
commonly used for initial evaluation, care-
ful attention to source images is essential to 
overcome the limitations and pitfalls of TOF-
MRA. Asymmetric enlargement of external 
carotid artery branches—including the mid-
dle meningeal, ascending pharyngeal, acces-
sory meningeal, and occipital arteries—on 
source images provides important clues for 
distinguishing true DAVFs from physiologic 
jugular venous reflux (Figure 4), a distinction 
that MIP algorithms may obscure.19 For supe-
rior sagittal sinus fistulas specifically, recog-
nizing abnormal prominence of the middle 
meningeal artery is a key diagnostic clue, as 
reflected in signs such as the middle men-
ingeal artery sign (Figure 5).20 Source image 
review is therefore essential in the evaluation 
of any suspected AVS with TOF-MRA.

Contrast-enhanced time-resolved four-di-
mensional magnetic resonance angiogra-
phy

Principle

CE time-resolved MRA (CE TR-MRA) inte-
grates temporal resolution with 3D spatial 
resolution to visualize the dynamic passage 
of blood through the cerebrovascular sys-
tem. Conventional CE TR-MRA establishes 
the baseline for dynamic MRI evaluation by 
using techniques such as keyhole imaging, 
parallel imaging, and k-space undersam-
pling [e.g., TR Imaging of Contrast Kinetics 
(GE Healthcare), TR angiography with Inter-
leaved Stochastic Trajectories (TWIST) (Sie-
mens Healthineers), and 4D TR Angiography 
using Keyhole (Philips Healthcare)] to gen-
erate multiphasic volumetric datasets with 
temporal resolutions ranging from 2 to 6 

seconds and submillimeter isotropic spatial 
resolution.21 This allows separation of the ar-
terial, capillary, and venous phases, enabling 
detection of early venous drainage and dif-
ferentiation of arterial feeders from draining 
veins—assessments that are impossible with 
static sequences.22 In this review, MR-DSA re-
fers to a dynamic, projectional angiographic 
representation—analogous to conventional 
catheter DSA—obtained from TR-MRA data 
by subtracting an appropriate reference: a 
pre-contrast mask for CE acquisitions or the 
control image of each label–control pair for 

ASL-based acquisitions. Magnetic resonance 
DSA thus denotes a mode of representation 
rather than a specific acquisition and is not 
synonymous with 4D-MRA; the underlying 
technique [e.g., TWIST, Golden-angle RAdial 
Sparse Parallel (GRASP), or ASL-based mod-
ified Asymmetric Signal Targeting with Al-
ternating Radiofrequency (mASTAR)] is indi-
cated in the corresponding figure and video 
legends.

Figure 1. A 50-year-old man with a left cerebral AVM (Spetzler–Martin grade II) in the cuneus. On the TOF-
MRA source image (a), the feeding arteries (the parieto-occipital artery, arrowheads, and the calcarine 
artery, open arrowheads) and the nidus (19 mm in diameter, arrow) were visible in the cuneus. On the 
sagittal MIP reformation (b), these same feeding arteries (arrowheads and open arrowheads) and the 
nidus (arrow) were demonstrated, together with the draining vein ascending along the parieto-occipital 
sulcus toward the superior sagittal sinus (dotted arrow); however, both the nidus and the draining vein 
were less well depicted than on DSA (Supplementary Video 1) and MR-DSA (Supplementary Video 2). AVM, 
arteriovenous malformation; TOF-MRA, time-of-flight magnetic resonance angiography; MIP, maximum 
intensity projection; MR-DSA, magnetic resonance-digital subtraction angiography.

a b

Figure 2. A 67-year-old woman with a right transverse-sigmoid sinus DAVF (Cognard classification type 
IIb). On the axial TOF-MRA image (a), the transosseous feeders (white arrow) from the occipital artery and 
the shunting point at the right transverse-sigmoid junction were visible. On the sagittal MIP reformation 
(b), the feeding arteries—the occipital artery (white arrow) and the posterior auricular artery (dotted 
arrow)—were clearly demonstrated; however, the draining veins were poorly visualized compared with DSA 
(Supplementary Video 3) and MR-DSA (Supplementary Video 4). DAVF, dural arteriovenous fistula; TOF-MRA, 
time-of-flight magnetic resonance angiography; MIP, maximum intensity projection; MR-DSA, magnetic 
resonance-digital subtraction angiography.

a b
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Diagnostic performance

CE TR-MRA has demonstrated high con-
cordance with DSA across the spectrum of 
AVS (Supplementary Videos 1–4). For ce-
rebral AVMs, detection rates of 89%–100% 
have been reported, with concordance rates 
of 93%–100% for Spetzler–Martin grading.23 
Angioarchitectural assessment shows good 
agreement with DSA for nidus size and 
venous drainage (κ: 0.75–0.77), although 
agreement is more modest for arterial feed-
ers (κ: 0.44). For cranial DAVFs, fistula iden-
tification shows high correlation with DSA, 
whereas concordance for Cognard grading 
is somewhat lower, at 77%–93%, reflect-
ing the inherent challenge of classifying 
complex drainage patterns non-invasively. 
Post-treatment surveillance demonstrates 
concordance of approximately 89% for resid-
ual nidus detection following surgery, embo-
lization, or radiosurgery, with false-negative 
findings occurring predominantly in small, 
previously embolized lesions.23

Limitations

Despite these strengths, CE TR-MRA 
has important limitations that constrain its 
broader use. First, it requires intravenous 
gadolinium-based contrast agents, which 
have implications for patients with renal 
impairment and raise concerns regarding 
gadolinium deposition with repeated exam-
inations. Second, CE TR-MRA is a single-op-
portunity acquisition: Once the contrast 
bolus has passed, the examination cannot 
be repeated without additional contrast ad-
ministration. This one-shot nature demands 
precise scan timing and limits the ability to 
reacquire inadequate studies, a constraint 

that continuous k-space sampling approach-
es such as GRASP are designed to address.24 
Third, spatial and temporal resolution remain 
inferior to those of DSA, and susceptibility ar-
tifacts from liquid embolic agents or surgical 
clips can limit post-treatment evaluation. 
These limitations have motivated the devel-
opment of alternative approaches, includ-
ing CS–based techniques and non-contrast 
methods such as ASL-based MRA, as dis-
cussed in the following sections.

Arterial spin labeling

Principle

ASL is a non-invasive perfusion MRI tech-
nique that quantifies cerebral blood flow 
using arterial blood water as an endogenous 

contrast agent.25,26 The basic principle in-
volves magnetically labeling inflowing arteri-
al blood protons using radiofrequency puls-
es (inversion) at a location proximal to the 
imaging volume (e.g., the neck). After a delay 
(post-labeling delay) to allow the labeled 
blood to reach the tissue of interest, labeled 
images are acquired. These are subtracted 
from control images (in which no labeling 
occurs), eliminating the static tissue signal 
and leaving a map proportional to cerebral 
perfusion.25 The two primary labeling strate-
gies are pulsed ASL (PASL) and pseudo-con-
tinuous ASL (PCASL), with PCASL generally 
recommended for clinical use because of its 
higher SNR.27

Figure 4. A 57-year-old woman presenting with progressive headache, retro-orbital pain, and oculomotor palsy, diagnosed with a right cavernous sinus DAVF 
(Cognard type I, Borden type I). On the TOF-MRA source image (a), a flow signal was detected at the corresponding site (arrow), with enlargement of the right 
middle meningeal artery (arrowhead). On the ASL image (b), markedly increased signal intensity at the shunting point was consistent with high flow through the 
DAVF (arrow). On 3D-DSA from the right ICA injection (c), the shunt was identified lateral to the cavernous ICA (arrow). DAVF, dural arteriovenous fistula; TOF-MRA, 
time-of-flight magnetic resonance angiography; ASL, arterial spin labeling; 3D-DSA, three-dimensional digital subtraction angiography; ICA, internal carotid artery.

a b c

Figure 3. A 56-year-old man presenting with headache, in whom MRI raised suspicion of a left cavernous 
sinus DAVF. On the TOF-MRA source image (a), abnormal signal was noted around the left cavernous sinus 
(arrow), without enlargement of the middle meningeal artery. On DSA performed for further workup (b, 
left external carotid artery injection), no definite arteriovenous shunting was identified, and the signal on 
TOF-MRA was attributed to physiologic venous flow within the cavernous sinus. MRI, magnetic resonance 
imaging; DAVF, dural arteriovenous fistula; TOF-MRA, time-of-flight magnetic resonance angiography; DSA, 
digital subtraction angiography.

a b
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The greatest clinical advantage of ASL is 
its non-invasive nature. It requires no ion-
izing radiation or intravenous gadolinium 
contrast, making it safe for pediatric patients, 
women who are pregnant, and patients with 
renal failure or contrast allergies.

Diagnostic performance

In the context of AVS, ASL provides unique 
functional information by exploiting the rap-
id arteriovenous transit inherent to shunting 
lesions. Labeled blood bypassing the capil-
lary bed transits rapidly into the venous sys-
tem before substantial T1 decay occurs, re-
sulting in a characteristic focal hyperintense 
signal within the nidus and draining veins on 
ASL perfusion maps [Figures 4(b) and 6(b)]. 
This feature makes ASL highly sensitive for 
AVS detection.28,29 ASL is also valuable for 
post-treatment monitoring, particularly af-
ter stereotactic radiosurgery, where obliter-
ation is gradual; it has demonstrated high 
sensitivity and specificity for residual shunt 
detection, potentially reducing the frequen-
cy of invasive DSA during follow-up.10,30 Fur-
thermore, ASL can assess the hemodynamic 
impact on the surrounding brain parenchy-
ma, including hypoperfusion due to the steal 
phenomenon.31,32 Beyond perfusion quantifi-
cation, ASL can also serve as a non-contrast, 
TR angiographic technique, and its applica-
tion as 4D-MRA for dynamic AVS evaluation 
is discussed in a later section.

Limitations

Despite its advantages, ASL has important 
constraints. The SNR is intrinsically low, and 
image quality is susceptible to motion arti-
facts and field inhomogeneities. Standard 
ASL provides no temporal resolution, limiting 
assessment to static perfusion maps rather 
than dynamic flow information. Although 3D 
fast spin-echo ASL is more resistant to sus-
ceptibility artifacts from prior hemorrhage or 
embolic material than susceptibility-weight-
ed imaging (SWI), quantitative interpretation 
requires careful attention to post-labeling 
delay settings, which may need adjustment 
in high-flow shunting lesions, where labeled 
spins transit unusually rapidly.33

Susceptibility-weighted imaging

Principle

SWI is a high-spatial-resolution, 3D gra-
dient-echo MRI technique that uses both 
magnitude and phase information to exploit 
magnetic susceptibility differences between 
tissues. The sequence is designed to maxi-
mize sensitivity to paramagnetic substances, 

such as deoxyhemoglobin, hemosiderin, and 
ferritin, which induce local magnetic field 
inhomogeneities and resulting signal loss. 
Consequently, normal venous structures typ-
ically appear hypointense because of the T2* 
decay caused by deoxygenated blood. Es-
tablished applications of SWI in neuroradiol-
ogy are extensive, ranging from the sensitive 
detection of cerebral microbleeds and the 
differentiation of calcification from hemor-
rhage to the evaluation of stroke, traumatic 
brain injury, neoplasms, and neurodegener-
ative disorders.34,35

Diagnostic performance

In the context of AVS, SWI offers distinct 
diagnostic advantages by providing hemo-
dynamic information without intravenous 
contrast. Draining veins associated with 
high-flow shunts often appear hyperin-

tense on SWI because of the TOF effect and 
elevated oxyhemoglobin concentration, 
enabling the identification of AVS and CVR/
RLVD (Figure 7).36 Conversely, SWI is highly 
sensitive to venous congestion, manifesting 
as a pseudophlebitic pattern of prominent, 
tortuous hypointense veins that reflects ve-
nous stasis and elevated deoxyhemoglobin.8 
A reversible hypointense focal brain sign has 
also been identified, indicative of parenchy-
mal venous congestion in aggressive DAVFs. 
Studies report sensitivities of 73%–93% and 
specificities of up to 98% for detecting CVR 
and AV shunting compared with DSA.26,37 
Furthermore, SWI is highly valuable for 
post-treatment longitudinal follow-up; it can 
non-invasively track the prompt disappear-
ance of cortical venous hyperintensity and 
the gradual resolution of hypointense ve-
nous congestion following successful DAVF 

Figure 5. A 56-year-old man with a history of superior sagittal sinus thrombosis. A maximum intensity 
projection TOF-MRA image (a) demonstrates enlargement of the right middle meningeal artery branches 
(white arrows). Right external carotid angiography (b) confirms a dural arteriovenous fistula supplied by the 
right middle meningeal artery branches (white arrows), with early opacification of the superior sagittal sinus 
(black arrow). TOF-MRA, time-of-flight magnetic resonance angiography.

a b

Figure 6. A 15-year-old man with a left parieto-occipital AVM (Spetzler–Martin grade IV). DSA from the 
left internal carotid artery injection (a) demonstrated the complex angioarchitecture of the AVM, fed by 
branches of the left anterior cerebral artery and the left middle cerebral artery. On the ASL image (b), the 
AVM nidus was depicted as a prominent area of markedly increased signal intensity, reflecting high flow and 
early arterial transit. AVM, arteriovenous malformation; DSA, digital subtraction angiography; ASL, arterial 
spin labeling.

a b
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treatment, as well as detect RLVD recur-
rence.38 For post-radiosurgery monitoring, 
SWI serves as a highly reliable, contrast-free 
alternative for tracking nidus obliteration;39 
moreover, its diagnostic accuracy can sur-
pass that of conventional CE MRI when com-
bined with ASL.10

Limitations

The primary limitation of SWI in AVS eval-
uation is its static nature: Like TOF-MRA, it 
provides no temporal resolution and cannot 
depict flow dynamics or distinguish arteri-
al from venous structures based on timing 
alone. Susceptibility artifacts from prior hem-
orrhage, hemosiderin deposition, or embolic 
material can obscure vascular details or mim-
ic pathologic findings.39 Additionally, differ-
entiation between arterialized draining veins 
and subacute hemorrhage may occasionally 
be challenging, requiring correlation with 
other sequences.

Recent technical innovations

In the past decade, several innovative MR 
techniques have been developed and are in-
creasingly being used in clinical practice for 
AVS evaluation. These advances address key 
limitations of conventional methods, includ-
ing prolonged acquisition times, suboptimal 
temporal resolution, high contrast agent 
doses, and limited hemodynamic informa-
tion. This section reviews the following re-
cent technical innovations and their clinical 
implications.

Ultrashort echo time magnetic resonance 
imaging

Various MR vendors have introduced 
non-contrast MRA techniques utilizing a 
UTE, such as Silent MRA (a non-contrast tech-
nique based on a near-zero-echo-time silent 
acquisition; GE Healthcare)40 and Pointwise 
Encoding Time Reduction with Radial Ac-
quisition-MRA (Siemens Healthineers).41 The 
primary clinical benefit of UTE-MRA is its abil-
ity to minimize intravoxel phase dispersion, 
thereby preserving signal in areas of com-
plex or turbulent flow while simultaneously 
reducing magnetic susceptibility artifacts 
caused by blood products or metallic im-
plants. Silent MRA serves as a representative 
example: It combines an ASL preparation 
pulse with a 3D radial center-out k-space 
trajectory using a near-zero TE (0.016 ms), 
yielding angiographic images with excellent 

background suppression through control-la-
bel subtraction.11

In the clinical evaluation of cerebral AVMs, 
UTE-MRA has demonstrated clear superiori-
ty over conventional TOF-MRA. Silent MRA 
achieved a 100% detection rate compared 
with 79% for TOF-MRA, with a distinct ben-
efit for micro-AVMs (nidus < 10 mm), where 
sensitivity remained 100% vs. 40% for TOF-
MRA, translating into significantly higher 
Spetzler–Martin grading accuracy (79.3% 
vs. 38%).41 For intracranial DAVFs, Silent MRA 
achieved complete agreement with DSA for 
fistula localization and Cognard/Borden clas-
sification, with higher sensitivity than TOF-
MRA for detecting arterial feeders (87.2% vs. 
79%) and draining veins (81.6% vs. 67%), and 
accurately predicted the accessible feeders 
in 96.2% of cases (Figure 8).42 

Figure 7. A 16-year-old man with a left frontal AVM (Spetzler–Martin grade IV) draining through an enlarged 
vein toward the internal cerebral vein. On the TOF-MRA source image (a), this draining vein was not depicted, 
likely because of in-plane saturation related to its unfavorable orientation relative to the imaging plane. On 
the magnitude image of the SWI sequence (b), it was clearly depicted as a prominent area of high signal 
intensity (arrow), allowing clear delineation of its course. TOF-MRA, time-of-flight magnetic resonance 
angiography; SWI, susceptibility-weighted imaging.

a b

Figure 8. A 68-year-old woman with a right transverse-sigmoid sinus DAVF (Borden type I) supplied by three feeders: the occipital artery (arrow), the posterior 
auricular artery (arrowhead), and a posterior convexity branch of the middle meningeal artery (dotted arrow); the same symbols indicate the corresponding 
feeders in all panels. DSA from the right external carotid artery (a) served as the angiographic reference. On the MIP reformation of the TOF-MRA sequence (b), the 
feeders were barely discernible. On the MIP reformation of the PETRA-MRA sequence (c), the feeders were well delineated regardless of flow direction, with their 
distal (peripheral) portions depicted markedly better than on TOF-MRA. DAVF, dural arteriovenous fistula; DSA, digital subtraction angiography; MIP, maximum 
intensity projection; PETRA-MRA, Pointwise Encoding Time Reduction with Radial Acquisition-magnetic resonance angiography; TOF-MRA, time-of-flight magnetic 
resonance angiography.

a b c
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Compressed sensing-accelerated magnet-
ic resonance imaging (three-dimensional/
four-dimensional)

Recent literature highlights the efficacy 
of CS techniques in 3D and 4D MRA, demon-
strating reduced acquisition times, improved 
spatiotemporal resolution, significant dose 
reduction, and the capability for quantitative 
hemodynamic assessment.43,44

Compressed sensing three-dimensional 
magnetic resonance imaging (compressed 
sensing time-of-flight magnetic resonance 
angiography)

CS is an advanced rapid imaging tech-
nique that reconstructs high-quality images 
from randomly undersampled k-space data 
by exploiting the inherent sparsity of the 
images through an iterative optimization 
process. Because the source images of TOF-
MRA predominantly consist of high-signal 
arteries scattered against a background of 
suppressed, low-signal brain parenchyma, 
the data are mathematically highly sparse, 
making them ideal for this technique. By 
employing sparse undersampling, CS can 
substantially reduce scan time compared 
with conventional parallel imaging, which 
not only minimizes the risk of motion arti-
facts but also makes wide-volume coverage 
highly feasible for routine clinical screening. 
Specifically, CS TOF-MRA achieves accelera-
tion factors as high as 6.5, enabling whole-
brain acquisition in approximately 2.5 min-
utes.45,46 Moreover, this technique overcomes 
the noise limitations of conventional parallel 
imaging while maintaining high diagnostic 
accuracy for intracranial AVS. In comparative 
studies with DSA, CS TOF-MRA demonstrated 
a sensitivity of 97.3%–100% and a specificity 
of 94.7%–100% for AVS detection. Further-
more, it shows moderate-to-good intermo-
dality agreement with DSA regarding the 
Spetzler–Martin grading of AVMs (weighted 
κ = 0.49–0.69), validating its utility as a rapid, 
non-invasive screening tool (Figure 9).47

Low-dose four-dimensional magnetic 
resonance imaging (iterative reconstruc-
tion-based time-resolved angiography 
with interleaved stochastic trajectories)

A critical advancement in 4D-MRA is the 
application of iterative reconstruction to 
TWIST sequences (IT-TWIST).48 Conventional 
keyhole and view-sharing techniques, such 
as standard TWIST, improve temporal reso-
lution by frequently acquiring the k-space 
center (which dictates image contrast) while 
dividing and sharing the undersampled pe-

ripheral k-space data across multiple adja-
cent time frames. However, this data sharing 
inevitably leads to a wider temporal footprint 
and greater temporal blurring. By utilizing it-
erative reconstruction, IT-TWIST eliminates 
the reliance on adjacent data sharing and 
can reconstruct images from a single pair of 
central and peripheral k-space samplings. 
This reduces the temporal footprint from 
approximately 10.3 seconds to 1.1 seconds, 
thereby minimizing temporal blurring and 
sharpening the contrast bolus profile.49 Fur-
thermore, the spatiotemporal regularization 
inherent in the iterative reconstruction pro-
cess provides a profound denoising effect, 
significantly reducing baseline signal fluctu-
ations. Crucially, the improved SNR resulting 
from both minimized blurring and robust 
denoising facilitates the use of substantially 
reduced gadolinium-based contrast agent 
doses. Studies indicate that IT-TWIST main-
tains diagnostic image quality with as little 
as 0.02 mmol/kg (20% of the standard dose). 
Although non-contrast techniques are ad-
vancing, low-dose CE approaches remain 
essential for patients requiring precise he-
modynamic timing and high temporal res-
olution, where non-contrast methods may 
suffer from low SNR or flow-related artifacts. 
In clinical evaluations, low-dose IT-TWIST 
yielded significantly higher visualization 
scores for feeders, draining veins, and shunts 
than standard TWIST, achieving a detection 
sensitivity of 95.2% relative to DSA (Supple-
mentary Videos 5 and 6).50 This dose-reduc-
tion capability is highly favorable for patients 
requiring longitudinal monitoring, mitigat-
ing the risks associated with gadolinium 
deposition.

Golden-Angle RAdial Sparse Parallel

Golden-Angle RAdial Sparse Parallel MRI 
represents a synergistic integration of con-

tinuous golden-angle radial sampling and 
CS. Unlike conventional CE TR-MRA, which 
is constrained by a single contrast bolus 
passage, GRASP acquires k-space data con-
tinuously, allowing flexible retrospective 
reconstruction at any desired temporal res-
olution and effectively decoupling image 
timing from contrast kinetics. CS enables 
diagnostic-quality images from these highly 
undersampled temporal frames by exploit-
ing spatiotemporal sparsity and applying 
regularization (e.g., temporal total-variation) 
to suppress artifacts.24,51-53 This approach 
achieves isotropic 4D-MRA with temporal 
resolution of approximately 1–2 seconds. 
Furthermore, because the continuous radial 
sampling trajectory inherently oversamples 
the k-space center with each spoke, GRASP 
is fundamentally robust to motion and flow 
artifacts.24 While gross motion is generally 
less problematic in neuroimaging compared 
with body imaging, this inherent robustness 
contributes to high spatiotemporal fideli-
ty, which facilitates detailed hemodynamic 
assessments including vessel-specific Bolus 
Arrival Time mapping.53 While specific appli-
cations to AVS are still emerging, the ability 
to characterize rapid flow dynamics indicates 
considerable promise (Supplementary Vid-
eos 7 and 8).

Arterial spin labeling-based four-dimen-
sional magnetic resonance imaging

Although conventional ASL is established 
for perfusion quantification, the application 
of ASL as a non-contrast, TR 4D-MRA has 
emerged as a pivotal tool for characterizing 
AVMs and DAVFs. By utilizing magnetically 
labeled arterial blood water as an endog-
enous tracer, this modality offers dynamic 
visualization of hemodynamics comparable 
to DSA, but without the risks associated with 
radiation or exogenous contrast agents.54

Figure 9. A 31-year-old woman with a left precentral AVM (Spetzler–Martin grade III). Both TOF-MRA (a) 
and CS TOF-MRA (b) visualize multiple feeders from the left middle cerebral artery, the nidus margins, and 
an enlarged cortical draining vein. AVM, arteriovenous malformation; TOF-MRA, time-of-flight magnetic 
resonance angiography; CS, compressed sensing.

a b
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Historically, PASL techniques, such as 
Contrast Inherent Inflow Enhanced Multi-
phase Angiography and standard mASTAR, 
initiated data acquisition immediately after 
a single labeling pulse (Supplementary Vid-
eo 9). Although these methods achieve high 
temporal resolution (approximately 250 ms), 
they are inherently limited by the T1 relax-
ation of labeled spins and radiofrequency 
saturation, leading to signal decay in later 
phases. This often results in suboptimal visu-
alization of distal draining veins, particularly 
in slow-flow lesions.54

To mitigate signal attenuation, PCASL 
methods, such as 4D-PACK (PCASL with CEN-
TRA-keyhole and view-sharing), have been 
developed.55 PCASL employs a longer label-
ing duration, maintaining a higher SNR in 
delayed phases and thereby improving the 
visualization of draining veins and collateral 
circulation compared with PASL.

A major limitation of standard 4D-MRA is 
vessel overlap. Super-selective PCASL tech-
niques, such as 4D-S-PACK, address this lim-
itation by labeling specific arteries (e.g., the 
internal carotid vs. vertebral arteries). This al-
lows precise identification of feeding arteries 
and delineation of the specific vascular terri-
tories contributing to the nidus, a capability 
previously exclusive to DSA. In comparative 
studies evaluating both AVMs and DAVFs, 
4D-S-PACK demonstrated superior diagnos-
tic performance for identifying feeding arter-
ies compared with non-selective 4D-PACK, 
particularly in complex multi-feeder sce-
narios (Figure 10).56,57 Furthermore, recent 
studies have demonstrated that combining 
4D-S-PACK with an interpolation algorithm 
(PhyZiodynamics, Ziosoft, Tokyo, Japan) and 
CS successfully mitigates its inherently low 
temporal resolution and long scan times, 
generating up to 61 interpolated phases and 
reducing scan times without sacrificing im-
age quality.12

High-resolution vessel wall magnetic reso-
nance imaging

High-resolution VW-MRI has emerged as 
a crucial tool for evaluating intracranial vas-
cular pathology.13,58 Beyond its established 
role in characterizing stenosis and aneurysm 
instability, recent evidence highlights its util-
ity in high-flow vascular shunts by visualiz-
ing inflammatory mural remodeling that is 
inaccessible with conventional angiography. 
Black-blood techniques are essential for this 
assessment because they suppress high-ve-
locity intraluminal flow signals. Advanced 
pulse sequences, such as Delay Alternating 

with Nutation for Tailored Excitation58 and 
motion-sensitized driven equilibrium, min-
imize artifacts arising from complex shunt 
hemodynamics, enabling clear differentia-
tion between true VW enhancement (VWE) 
and residual flow signals.

The pathophysiological basis of VWE in 
AVS is increasingly understood as immu-
nothrombosis.59 Hemodynamic stressors, 
such as turbulence and shunting-induced 
endothelial hypoxia, activate the endothe-
lium, triggering the recruitment of innate 
immune cells that promote thrombosis and 
edema. Histopathologic data from spinal 
and craniovertebral DAVFs strongly support 
this mechanism:60 VWE in draining veins sig-
nificantly correlates with the infiltration of 
myeloperoxidase-positive neutrophils and 
lymphocytes. These enhancing veins also 
exhibit venous arterialization, characterized 
by endothelial damage and smooth muscle 
hyperplasia driven by high-velocity flow.60

Clinically, VW-MRI facilitates risk assess-
ment and therapeutic planning. In ruptured 
AVMs and AVFs, VWE enables the precise 
identification of culprit structural irregulari-
ties, such as intranidal aneurysms or venous 
varices, within complex angioarchitecture, 
thereby guiding targeted embolization.61,62 
In unruptured lesions, VWE associated with 
focal edema or thrombosis may reflect an 
unstable inflammatory state predisposing to 
hemorrhage (Figure 11).63 However, VWE can 
also represent persistent64 stable vascular 
remodeling without an imminent risk of rup-
ture. Therefore, although VW-MRI provides 
unique biological insights that complement 
conventional angiography, further longitudi-
nal studies are required to determine its pre-
cise predictive value for future hemorrhagic 
events.

Future perspectives: artificial intelligence 
application

The integration of AI and deep learning 
(DL) has enhanced virtually every aspect of 
neuroimaging, from acquisition and recon-
struction to quantitative analysis.65-67 These 
advances are increasingly relevant to the 
evaluation of cerebrovascular diseases,68,69 
including AVS.

In the evaluation of AVS, the most estab-
lished clinical application of DL is automated 
segmentation using convolutional neural 
networks. This approach replaces labor-in-
tensive manual delineation with objective, 
reproducible morphologic metrics and has 
been extended to anatomically complex 
structures such as the AVM nidus. DL frame-

works employing algorithms such as You 
Only Look Once70 and U-Net (a U-shaped 
encoder–decoder convolutional network)71 
enable automated nidus detection and seg-
mentation on TOF-MRA. Beyond static ana-
tomic imaging, spatiotemporal DL models 
(e.g., 4DST, a 4D spatiotemporal U-Net) ap-
plied to ASL-based 4D-MRA leverage dynam-
ic flow information to achieve superior vessel 
segmentation compared with spatial-only 
models.72 Moreover, automated segmenta-
tion facilitates objective volumetric monitor-
ing of radiation-induced changes following 
stereotactic radiosurgery, thereby aiding 
post-treatment management.73	

Beyond segmentation, DL-based recon-
struction (DLR) represents a complementary 
technology whose potential in AVS evalua-
tion remains largely untapped. DLR can op-
erate in the raw-data (k-space) domain,44 the 
image domain,74 or a hybrid of both.69 These 
approaches reduce noise and enhance spa-
tial resolution, enabling shorter acquisition 
times without loss of diagnostic quality. Ap-
plied to TOF-MRA, DLR can elevate 1.5T im-
age quality to levels approaching those of 
conventional 3T imaging.74,75 Although direct 
applications to AVS have yet to be reported, 
such improvements could broaden access to 
high-quality cerebrovascular assessment at 
lower field strengths.

Despite these promising developments, 
several barriers must be addressed before 
AI tools enter routine AVS evaluation. Most 
reported models have been developed and 
tested on small, single-institution datasets, 
and their generalizability across scanners, 
field strengths, and acquisition protocols 
remains insufficiently validated.70,71 The rar-
ity73 and angioarchitectural heterogeneity 
of AVS further complicate the assembly of 
large, well-annotated training cohorts, and 
DSA-derived reference standards are them-
selves subject to interobserver variability.70,71 
Robust external and, ideally, prospective 
multicenter validation, transparent report-
ing, and integration into existing workflows, 
together with regulatory clearance, will be 
required before these methods can reliably 
support clinical decision-making.65 For now, 
AI applications in AVS are best regarded as 
complementary research tools rather than 
established clinical instruments.

Non-invasive MRI evaluation of intracrani-
al AVS has evolved considerably with recent 
technical innovations. Although established 
MRI techniques, including TOF-MRA, CE TR-
MRA, SWI, and ASL, provide essential diag-
nostic capabilities, recent advances have 
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addressed many of their intrinsic limitations. 
UTE MRA overcomes turbulent flow-related 
signal loss, CS enables high-quality acquisi-
tions with reduced scan times and contrast 
doses, ASL-based 4D-MRA with vessel-selec-
tive techniques provides truly non-invasive 
dynamic assessment, and VW-MRI offers 
insights into AVS pathophysiology and po-

tential risk stratification. Emerging AI appli-
cations demonstrate promise for automated 
detection and characterization.

Although DSA remains the gold standard 
for treatment planning and intervention, 
the expanding capabilities of advanced MRI 
techniques increasingly enable comprehen-

sive non-invasive AVS assessment. Contin-
ued integration of these innovations prom-
ises improved patient care through earlier 
detection, more accurate characterization, 
and safer longitudinal monitoring of intra-
cranial AVS.

Figure 10. A man in his teens with a left parietal AVM. In ASL-based non-selective 4D-MRA (4D-PACK), gradual enhancement of the AVM nidus was demonstrated 
at 600 ms (a) and 1,200 ms (b). Vessel-selective 4D-MRA (4D-S-PACK) with left MCA selection revealed the left MCA branches as the predominant feeders, with 
progressive enhancement of the nidus and draining vein at 500 ms (c) and 1,200 ms (d). Additional feeders from the right ICA (e, 500 ms; f, 1,200 ms) and the 
vertebral artery (g, 500 ms; h, 1,200 ms) were also demonstrated (courtesy of Professor Osamu Togao, Department of Radiology, Saga University). AVM, arteriovenous 
malformation; ASL, arterial spin labeling; 4D-MRA, four dimensional-magnetic resonance angiography; AVM, arteriovenous malformation; MCA, middle cerebral 
artery; ICA, internal carotid artery.
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